Period life expectancy is one of the most used summary indicators for the overall health of a population. Its levels and trends direct health policies, and researchers try to identify the determining risk factors to assess and forecast future developments. The use of period life expectancy is often based on the assumption that it directly reflects the mortality conditions of a certain year. Accordingly, the explanation for changes in life expectancy are typically sought in factors that have an immediate impact on current mortality conditions. It is frequently overlooked, however, that this indicator can also be affected by at least three kinds of effects, in particular in the situation of short-term fluctuations: cohort effects, heterogeneity effects, and tempo effects. We demonstrate their possible impact with the example of the almost Europe-wide decrease in life expectancy in 2015, which caused a series of reports about an upsurge of a health crisis, and we show that the consideration of these effects can lead to different conclusions. Therefore, we want to raise an awareness concerning the sensitivity of life expectancy to sudden changes and the menaces a misled interpretation of this indicator can cause.
Introduction
Period life expectancy (PLE) is one of the most used summary indicators for the overall health of a population. It is based on the set of observed age-specific death rates, i.e., the number of deaths in a certain year and age group divided by the average number of people alive in this year and age group. These death rates are then transformed into probabilities of dying and connected to a survival function from birth to the highest age in which people are living. The mean age at death derived from this survival function is the PLE. It can be interpreted as the average number of years that newborns of a certain period would live under the hypothetical scenario that the prevailing age-specific death rates remain constant in the future [1] .
The period perspective must be strictly distinguished from the cohort perspective. The latter is the more intuitive and more clearly interpretable analytic concept. It connects the age-specific death rates experienced by a cohort longitudinally over its entire life course. Thus, cohort life expectancy (CLE) reflects the actual mean age at death of real people who were born at the same time. Naturally, CLE can only summarize past mortality experiences, whereas PLE reflects the most current death rates cross-sectionally across all ages. This is why PLE is of higher relevance for most practical purposes and more frequently used than CLE. these possible biases should be taken into account to avoid misleading conclusions. In the subsequent sections we briefly summarize the main triggers and mechanisms behind cohort, heterogeneity, and tempo effects (an extensive illustration can be found in Guillot [1] ). Then, we demonstrate how changes in PLE can be affected by these effects with the example of the 2015 decrease in PLE. Finally, we summarize the main conclusions and make suggestions for improving the use of PLE and reducing the possible bias in conclusions derived from this indicator.
Cohort Effects
Cohort effects originate from "health conditions that a cohort faces at a given time and that have a delayed impact on the cohort's mortality" [1, p. 536 ]. Such conditions include, e.g., exposure to infectious or noninfectious diseases, exposure to radiation during nuclear catastrophes, exposure to malnutrition during and after famines or wars, and health behaviors like diet, physical activity, alcohol consumption, or smoking. Cohort effects and their impact on mortality are extremely heterogeneous. As the given examples illustrate, they can change gradually over time, interact with each other, affect mortality over a broad range of ages, differ in the length of delay, and they can affect mortality both in the short as well as in the long run. Last but not least, the short-and long-term impacts may even operate in different directions. For instance, a more frequent exposure to diseases for which immunity can be acquired can generate high childhood mortality on the one hand, but low later life mortality from these diseases on the other [10] .
In the period perspective, cohort effects appear as impacts on age-specific death rates several years or decades after they emerged. The decisive difference to delayed period influences is that they have an impact only on particular cohorts, but they do not have a general impact on specific age groups. Consequently, the mortality of newborns under the hypothetical current-condition scenario would not be affected equivalently by these effects once they reach today's age of the affected cohorts. 2 1 Such immediate impacts on a population's mortality are often referred to as "period effects." 2 Note that a separation between period influences that originated earlier but unfold their impact on mortality in the observed period on the one hand and delayed cohort effects on the other is to some extent arbitrary. A clearcut allocation of some factors to the one group or the other is not possible (see also Guillot [1] The above-mentioned features of cohort effects make their impact difficult to detect and even more difficult to quantify. One of such rare studies investigated the impact of past cohort smoking patterns on US period death rates of the year 2003 [11] . The authors compared the survival according to the period life table of that year (including the impact of actual smoking histories) with the predicted survival on the basis of current age-specific smoking prevalence. They estimated that the probability to survive from age 50 to 85 under current smoking behavior would be 0.38 for men and 0.48 for women, whereas the US life table provided values of 0.30 and 0.46, respectively. The difference between the predicted and actual survival probabilities reflects the impact of smoking-specific cohort effects on period death rates which results in an overestimation of mortality (and thus an underestimation of PLE) under the scenario of constant current conditions. Given that smoking spreads in a population like an epidemic with a 20-to 30-year delay between men and women [12] , it seems likely that the recent decrease in female PLE improvements is -at least to some extent -due to the delayed effect of past cohort smoking patterns [13] .
Heterogeneity Effects
Heterogeneity describes the circumstance that not all members of a population face the same risk of dying in a certain year and age. The characteristics that shape individuals' mortality risks may be fixed at birth or at a young age (e.g., ethnicity or education) or they may vary with age (e.g., health status or income). The composition of the total population of low-risk and high-risk individuals would be no problem if it were constant over time and across populations. This is not the case, however, and the impacts on PLE can be significant. 3 For instance, Luy et al. [14] estimated for several western countries that between 15 and 40% of the increases in PLE during the last few decades can be attributed to the changing composition of the populations by level of education, independently of the effect of decreased death rates. Other studies arrived at even larger impacts of such structural changes for nonwestern populations [15, 16] .
In addition to such structural effects of heterogeneity, the different mortality risks of individuals lead to "selection effects" [17] . These are closely related to cohort effects as they also develop their impact on age-specific death rates along the cohorts' life courses. For characteristics that are fixed once they are experienced, the proportion of individuals possessing characteristics associated with higher mortality decreases over time, while the proportion of those who possess characteristics with lower mortality increases. A disproportionate fraction of robust survivors can also be caused by strong period influences, such as high levels of infant and child mortality or wars. For instance, some studies provided evidence that the opening of the gender gap in PLE in West Germany during the 1960s and 1970s was caused in particular by those cohorts who were at childhood or young adult ages during the two world wars, suggesting that -beside the above-mentioned effect of smoking -different selection mechanisms among women and men unfolded their delayed effects on female and male mortality once these cohorts reached the age in which heart diseases become the major cause of death [18, 19] .
A special case of selection is the so-called "harvesting effect," also referred to as "mortality displacement," which describes a short-term impact of sudden variations in a population's risk pool on overall mortality, mainly related to the phenomenon of anticipated deaths caused by heat waves or cold spells [20, 21] . The selective mortality among the frailest individuals increases the number of deaths in the total population during the impact of these exogenous events but leaves a large proportion of robust survivors which leads -as "late-harvesting" effect -to a lower than expected number of deaths for some time thereafter [22] [23] [24] . The short-term mortality fluctuations caused by these mechanisms become apparent when one considers the relationship between milder or harsher winters (regarding temperature and/or flu waves) and subsequent summers. Studies have shown that winters with high mortality led to a delayed and reduced effect of the subsequent summer heat wave compared to winters with low mortality [25, 26] .
Tempo Effects
Tempo effects (TE) were identified only quite recently as potential bias of PLE's typical interpretation to reflect current mortality conditions [27] . In contrast to the causal influences on PLE described in the previous sections, TE are a methodological artifact which occurs because the conceptual assumptions behind the indicator are violated in real populations. Most scholars are aware that the PLE indicator is derived from the theoretical model of the stable population. It is often overlooked, however, that the requirements to apply this model to a real population are 3 The construction of a survival function in the period perspective ignores a population's heterogeneity as it treats all newborns as a group of homogeneous individuals with identical mortality risks. DOI: 10.1159/000500955 not sufficiently satisfied with the hypothetical scenario that the actually observed period death rates remain constant in the future. The stable population model assumes that the death rates are always constant, including the observation period itself. This assumption is not fulfilled when PLE varies between calendar years.
In brief, TE emerge in death rates as soon as mortality is changing during the observation period. For example, when improvements in health and living conditions lead to a reduction in mortality, a certain number of deathswhich would have occurred under unchanged mortality conditions -are postponed to a later period. Such a postponement consequentially deflates the numerator of death rates by the number of avoided deaths, while the denominator is inflated by the same number of saved lives. Albeit these numbers are identical in absolute terms, they differ notably in relative terms. The number of deaths decreases by a much larger proportion than the number of the population at risk in the denominator increases. In this way, TE magnify the effect of the shifted number of deaths in the death rate. The larger the changes in mortality, the larger the magnification effect.
As long as these magnification effects are of minor extent, the conclusions derived from an analysis of PLE might not be affected. However, model simulationswhich provide easily comprehensible illustrations of the tempo bias in death rates -have shown that TE can lead to paradoxical situations when their extent differs strongly between the compared populations or periods [28] [29] [30] . For instance, it is possible that period death rates increase despite all cohorts living in this period are experiencing only decreasing or stalling mortality [27, 31] . Thus, TE can be a highly relevant factor for explaining trends and differentials in PLE in situations of marked changes in mortality dynamics. It has been shown, for instance, that TE caused by the sudden decrease in mortality in eastern Germany after unification are likely to be a significant contributor to the unexpectedly rapid convergence of eastern Germany's PLE to the level of western Germany [32, 33] .
The 2015 Decrease in Life Expectancy
The sudden and surprising decrease in PLE in the year 2015 led to a number of speculations about its causes. However, despite the intensive effort of researchers, no specific factor has been identified which caused more than only a fraction of the decrease in PLE. The first reports and scientific publications about this phenomenon focused exclusively on country-specific explanations, such as a flu vaccination crisis in Italy [3, 34] and cuts in the health and social care system in England and Wales [5, 35] . It was overlooked for a long time and recognized only in the most recent discussions that the decrease in PLE occurred simultaneously in almost all countries of Europe, which speaks against the exclusive effect of country-specific factors. 4 The only discussed factors that could provide an explanation for this wide geographical phenomenon are a strong flu wave in early 2015 [39, 40] and an exceptional heat wave in the summer of 2015 [41, 42] . Yet, empirical estimates of these effects also explained only parts of the decrease in PLE, whereas the majority of the lost life years remained unexplained [37] .
As it is the case for all phenomena of demographic differences and variations, the reason for changes in PLE is unlikely to be found in one single factor. However, the main problem lies in the fact that all the above-mentioned attempts to identify the cause for the decrease in PLE in 2015 are based on the expectation that the primary explanation must be found in specific period influences. In the following, we demonstrate how in particular harvesting and tempo effects might have significantly contributed to the PLE decrease in 2015. Their interaction with the other single factors might not only help to bridge the gap of the unexplained fraction of the PLE decrease. As we will show, an explanation including these effects will also lead to a different interpretation of the most recent changes in PLE. 5 Basically, all discussions so far concentrated exclusively on the lower PLE in 2015 compared to 2014. What has been overlooked is that the much more marked change occurred between 2013 and 2014 with an exceptional increase in PLE (also Raleigh [44] mentioned this observation in a recent BMJ editorial). Figure 1 shows the trends in female PLE in Belgium, France, the Netherlands, and the UK in black lines with the values relating to the left 4 The first and most prominent reports about the 2015 mortality crisis referred to the USA, where the decrease in LE was related in particular to the increasing number of deaths caused by the consumption of opioids [36, 37] . Albeit the explanation we suggest for the 2015 decrease in PLE applies to the USA as well, we restrict our analysis to European populations for the following reason. In contrast to the European populations, the USA experienced a further decrease or stall in PLE also in the years after 2015. This indicates the prevalence of additional influences on mortality, most likely connected to increasing mortality among particular disadvantaged subpopulations of low social status, whose excess in mortality is generally larger than in western European populations [38] . 5 A third component -which we do not explain in detail in this paper -can be seen in the recent general decreasing pace of PLE improvement, in particular among women [43] . This trend change is also relevant for the interpretation of the year 2015 because it becomes more likely that the usual annual fluctuations in PLE lead more frequently to short-term decreases which would have not occurred in times of stronger paces of PLE improvement (see also Le Bourg [8] y axis. 6 The graphs elucidate the connection between the PLE decrease in 2015 and the PLE increase in 2014. This is an important observation because it suggests that the decrease in PLE in 2015 results primarily from the exceptional high survival in 2014, and not -at least not as much -from a mortality crisis in 2015. 7 The low mortality in 2014 -which can be primarily attributed to an unusual mild influenza type during the winter 2013/14 [45] -has two important consequences for the period death rates in 2014 and 2015. First, an exceptionally low mortality leads to an exceptionally high number of survivors. This increase in survivors -and the consequential reduction of deaths -decreases not only the death rates of the year with low mortality. As explained in the section on heterogeneity effects, a year with exceptionally low mortality increases the pool of potential deaths in the next year(s), above all because these exceptional survivors include a high proportion of frail survivors [see also 46] . These have an increased likelihood of dying when mortality conditions become "normal" again, in particular if this happens jointly with a stronger influenza-dominant type as it occurred in 2015 [39, 47, 48] . The second consequence of the shift of deaths from 2014 to 2015 is the emergence of TE which boost the effects of factual mortality changes on PLE in both years, the increase in 2014 and the decrease in 2015.
A useful -but only rarely used -demographic indicator to demonstrate these changes in mortality dynamics is the total mortality rate (TMR) because it quantifies the amount of shifted deaths (delayed or speeded up) in a period. The TMR represents the cross-sectional sum of cohort deaths in a particular calendar year standardized for the size of cohorts (i.e., death rates of "second kind") and equals 1.0 when mortality remains unchanged during the year of observation. 8 As soon as some or all currently living cohorts experience a change in mortality (i.e., a shift in deaths to earlier or later calendar years), the TMR leaves unity and becomes higher than 1.0 in the case of increasing mortality and lower than 1.0 in the case of decreasing mortality [50] . What makes the TMR particularly interesting is that it deviates from 1.0 by the proportion of deaths that are shifted out of or into the period of observation, relative to the hypothetical situation of constant mortality (for details, see Guillot [51] ).
To estimate the TMR we reconstructed the complete longitudinal survival for each cohort alive during the years 2009-2015 from the age-specific death rates retrieved from the Human Mortality Database [52] . We then determined the cohort-specific proportion of deaths occurring in these calendar years and derived the TMR for each year by summing up the corresponding proportions across all cohorts.
The graphs in Figure 1 include the TMR trends with gray dotted lines referring to the y axes on the right-hand side. A look at the decisive years 2013-2015 reveals for all populations that the strong increase in PLE in 2014 coincides with a strong decrease of the TMR, illustrating the impact of an exceptional number of deaths being shifted from 2014 into the next year(s). Likewise, the decrease in PLE in 2015 coincides with a corresponding increase of the TMR. 9 Finally, we tested the possible impact of TE caused by the shift of deaths by comparing the trends in conventional PLE with three alternative measures for period longevity which are unbiased by TE: Bongaarts and Feeney's tempo-adjusted life expectancy (LE*), the "cross-sectional average length of life" (CAL), and the "mean age at death" (MAD) (a description of the indicators' features and estimation methods can be found in Bongaarts [53] ). 10 The results shown in Figure 2 reveal the strong 6 The figures refer to PLE at the age of 30 to keep consistency throughout the paper. All other indicators shown in Figures 1 and 2 exclude ages below 30 for technical reasons or because of limitations in data availability. Nonetheless, the figures for PLE at the age of 30 do not differ from those for PLE at birth [2] . This holds equivalently for the other indicators as far as these could be estimated from birth with the available data. 7 The corresponding figures for men are not shown because they are basically identical to those for women. 8 Death rates of "second kind" relate the number of deaths experienced by the members of a cohort in a particular year to all ever-born members of this cohort, i.e. those who are still alive as well as those who have already died. Agespecific death rates of a period, i.e. the basis of PLE, are death rates of "first kind" which are also called "hazards" or "occurrence-exposure rates." The denominator of rates of first kind includes all individuals living in a specific year, thus only the persons at risk of experiencing death during the observation period. Death rates of second kind, by contrast, do not reflect the mortality of a period in the sense of deaths per person (year), they reflect the proportion of cohort deaths which occur in this period. In contrast to death rates of first kind, rates of second kind are free of tempo distortions because the tempo distortion occurs in both the numerator and the denominator of the rates, and thus cancels out (for details, see Bongaarts and Feeney [49] ). 9 Note that the situation is somewhat different for the UK compared to the other three European populations because the UK experienced a smaller increase in PLE in 2014 and a stronger decrease in PLE in 2015. Nonetheless, we find a similar correspondence of decreasing/increasing TMR and increasing/ decreasing PLE in 2014 and 2015. 10 Four different methods have been developed to estimate tempo-adjusted LE* [54] . These methods are, however, only variants for performing mortality tempo adjustment and arrive essentially at the same estimates [30] . We used the TMR method because it utilizes the property of the TMR to directly reflect the level of TE in a particular period. The agespecific death rates were thus adjusted by division with the corresponding annual TMR values. It should be noted, however, that all four methods for estimating LE* imply that the schedule of age-specific death rates shifts proportionally across all ages. This assumption is violated during the changes between 2014 and 2015. In some age groups, death rates increased in 2015 compared to 2014, in other age groups they decreased. Nonetheless, we performed test simulations which revealed that the estimations are not affected by the constant shape assumption of the Bongaarts-Feeney-model. The R codes for all calculations carried out for this paper are available at https://github.com/msauerberg/Gerontology_2019. DOI: 10.1159/000500955 potential contribution of TE to the decrease in PLE in all four populations: LE*, CAL, and MAD continued to increase in 2015 without marked fluctuations. Thus, once TE are taken into account, we find no indication of a health crisis that has affected the mortality conditions of the total populations. This is even more evident by the fact that the TMR for the year 2015 lies below 1.0 in all populations (Fig. 1 ). This indicates that even in the year of declining PLE, mortality has still been decreasing rather than increasing among the currently living cohorts. 
Summary and Conclusion
The aim of this paper is to raise awareness that changes in PLE can be caused by complex mechanisms. The most common practical usages of this indicator include two main sources for potential misinterpretations. First, it is often overlooked that PLE reflects the mortality of a purely hypothetical population. The interpretation as reflection of current mortality conditions of the real population can lead to biased conclusions in particular when PLE varies markedly between years. This becomes prob-lematic in combination with the second frequent assumption that PLE is independent from previous periods and reflects exclusively the current mortality conditions. Consequently, it is typically assumed that increases or decreases in PLE directly reflect an improvement or deterioration of the population's mortality conditions, respectively. However, mortality conditions in a particular year are not independent from earlier periods with regard to both, causal mechanism and -what is often overlooked -technical characteristics of the indicator. The joint impacts of period influences, cohort effects, heterogeneity effects and TE, with each of them being complex themselves, make it very difficult to put all pieces of the puzzle together to a complete, overall picture. We demonstrated the possible impact of these effects with the example of the almost Europe-wide decrease in PLE in the year 2015. The results of our conceptual considerations and empirical analyses can be summarized as follows:
1 The 2015 decrease in PLE occurred simultaneously in the majority of European countries. This suggests no exclusive effect of country-specific factors on which most of the corresponding publications focused. These might have contributed to an increase in mortality in 2015, but obviously there were significant mechanisms at play which exceed the borders of single countries. 2 The decrease in PLE between 2014 and 2015 primarily occurred because of an exceptionally low mortality in 2014 and less because of an exceptionally high mortality in 2015. The missing recognition of this connection is a consequence of the widespread expectation that PLE are independent of each other. 3 The exceptionally low mortality in 2014 led to an increased number of survivors compared to "normal" conditions. Naturally, a certain proportion of these survivors can be considered frail survivors. Thus, many of these additional survivors died in 2015, increasing the number of deaths and resulting in increased death rates and a decrease in PLE (late-harvesting effect). Different influenza types in the winter months are likely a driving force behind these fluctuations, with a mild influenza type in 2013/2014 followed by a strong one in 2014/2015. 4 The shift of deaths created TE which caused an inflated decrease in death rates in 2014 and an inflated increase in death rates in 2015, thus boosting the difference in PLE between the 2 years. The empirical results for trends in LE*, CAL, and MAD indicate that the bias caused by TE might be even the primary factor which caused the picture of worsening mortality conditions. The consideration of harvesting effects and TE turns the interpretation of the 2015 decrease in PLE in a very different direction: instead of being seen as an indicator for very unfavorable mortality conditions in 2015, it becomes a partly causal and partly methodological consequence of very favorable mortality conditions in 2014. Thus, taking into account the potential impact of other factors than only period influences leads to the conclu-sion that the 2015 decrease in PLE might not be a matter of big concern regarding the total population level. It is important to note, however, that this does not mean that there is nothing to worry about. Conditions like the health care crisis in the UK or the flu vaccination crisis in Italy are important issues for many individuals and specific subpopulations, and it is very important to fight these crises. 11 Nonetheless, it is unlikely that these factors caused the decrease in PLE of the total populations.
The most evident support for our conclusion comes from the fact that no specific factor could be identified so far that explains more than a fraction of the PLE decrease in 2015. The supposed causes seem convincing at first glance, but none of them was supported with empirical data. Decomposition analyses of changes in PLE by age and cause of death did not lead to conclusive results either [37, 39] . Further, it is important to note that the decrease in PLE seems to be primarily an effect of only a single year. Between 2015 and 2016, PLE increased again in all of the European countries which experienced a decrease between 2014 and 2015, in many cases even to a higher level than in 2014 [2] .
To conclude, PLE is one of the most used indicators for the overall health of a population, but it is rarely understood in all its features. While it is useful and intuitive because it expresses mortality conditions in terms of life years, it is important to take all mechanisms into account that might influence its values when changes between years or populations are analyzed. PLE is sensitive to biases, in particular in situations of strong fluctuations and trend changes. In such cases, we recommend to consider additional alternative indicators for period mortality before interpreting changes in PLE. This practice is routinely used in the analysis of fertility where no thorough study interprets changes in the total fertility rate without including at least trends in the mean age at childbearing and, whenever possible, using also alternative indicators for the average number of children [55] . Possible indicators for the analysis of period mortality are the TMR which illustrates the amount of shifted deaths between the periods, and LE*, CAL, or MAD which are based on different concepts than conventional PLE but are not biased by TE. PLE as a summary indicator for population health is too relevant for health policies and public health measures to risk potentially misleading interpretations. Gerontology 2020;66:95-104 DOI: 10.1159/000500955
